Axon guidance molecules  by Keynes, Roger & Cook, Geoffrey M.W.
Cell, Vol. 63, 161-169, October 20, 1995, Copyright 0 1995 by Cell Press 
Axon Guidance Molecules 
Roger Keynes and Geoffrey M. W. Cook 
Department of Anatomy 
University of Cambridge 
Downing Street 
Cambridge CB2 3DY 
England 
Introduction 
To survey axon guidance in 1995 is to cover a very different 
field from some 30 years ago, when Sperry elaborated his 
idea of chemoaffinity to explain the precision of regenera- 
tion of the amphibian retinotectal map (Sperry, 1963). With 
hindsight we know that Sperry was overenthusiastic in his 
attribution of molecular labels to define tectal addresses 
and that the role of electrical activity in refining connectivity 
was yet to be fully appreciated. But at least he could envis- 
age the problem in molecular terms and, in so doing, rekin- 
dled interest in a spectacular feat of biology. That interest 
has been growing ever since. 
The biology of axon guidance has been reviewed by 
Goodman and Shatz (1993). Here we concentrate on re- 
cent progress in understanding the nature and mechanism 
of axon guidance molecules, defining these as molecules 
outside the growth cone that assist in its selection of the 
correct pathway and target by changing its direction of 
growth. After synapse formation, connections may be re- 
fined and remodeled (address selection) by a process that 
is more dependent on patterns of electrical activity (Good- 
man and Shatz, 1993). Since guidance molecules can be 
both pathway derived and target derived, this article com- 
plements the accompanying review on target recognition 
(Garrityandzipursky, 1995 [this issueof Cc//j). The identifi- 
cation of growth cone receptors for guidance molecules 
is also critical, but is still at an early stage (see below). 
Lastly, understanding how growth cones turn also requires 
the elucidation of the signaling pathways within them that 
transduce receptor activation into changes in the dynam- 
ics and arrangement of the cytoskeleton (reviewed by Doh- 
erty and Walsh, 1994; see also Tanaka and Sabry, 1995 
[this issue of Cc//j), and this will not be considered here. 
The possibility that guidance molecules exert either 
short-range (cell-cell) or long-range (diffusion gradient) in- 
fluences on growth cones has been recognized for many 
years. More recently, it has become clear that guidance 
may be both attractive or repulsive (Goodman and Shatz, 
1993; Keynes and Cook, 1995) and that these influences 
may be exerted over both short and long ranges by mem- 
bersof the same molecular family. And as increasing num- 
bers of candidates have been characterized, the earlier 
concept of guidance by differential adhesion has been 
modified by a realization that the guidance molecules, 
whether attractive, repulsive, short-range, or long-range, 
may direct growth cones via signal transduction mecha- 
nisms (see also Tanaka and Sabry, 1995). Attractive and 
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repulsive guidance molecules can be distinguished in cul- 
ture experiments from permissive and inhibitory substrate 
molecules that determine whether axons grow at all and 
from diffusible molecules that may promote or suppress 
axon outgrowth but fail to exert a turning influence on 
growth cones (Baier and Bonhoeffer, 1994). The function 
of any candidate guidance molecule needs, of course, to 
be interpreted in the developing nervous system as well 
as in vitro, and we highlight here those molecular systems 
in which the combined structural and functional data are 
particularly well advanced. 
Chemoattraction and Chemorepulsion 
The idea that axon guidance can be mediated by diffusible 
chemoattractants is not new (Ramon y Cajal, 1892), but 
only now is it being given a firm molecular basis. The sug- 
gestion that the converse of chemoattraction, chemorepul- 
sion, may also be an important guidance mechanism is 
much more recent (Pini, 1993; see below). In each case 
the replication in vitro of gradients of chemoattractant or 
chemorepellent, by the coculture of neurons and source 
of diffusible factor in collagen gels, has been a crucial step 
in characterizing the phenomenon. The collagen gel assay 
was originally used for this purpose by Lumsden and Da- 
vies (1983), who showed that when trigeminal ganglia 
were cocultured with explants of their target tissue (maxil- 
lary process) and limb bud, axons grew exclusively toward 
the maxillary process. Chemoattraction has since been 
implicated in an increasing number of vertebrate anatomi- 
cal systems, for example, the guidance of commissural 
axons in the developing spinal cord (Tessier-Lavigne et 
al., 1988), the mammalian corticopontine projection (Heff- 
ner et al., 1990), and the innervation of segmental muscles 
in chick embryos (Tosney, 1987), but the prospect of purifi- 
cation of the chemotropic molecules seemed a formidable 
task. 
Netrins Act as Chemoattractants 
Over the last year, the situation has been advanced dra- 
matically, with the identification of molecular cues that 
emanate from floor plate cells and guide spinal commis- 
sural axons (Serafini et al., 1994). As with all attempts to 
purify important biological molecules, an in vitro bioassay 
proved essential, and Serafini et al. (1994) exploited the 
earlier observation that rat floor plate cells promote the 
outgrowth of commissural axons from rat dorsal spinal 
cord explants (Tessier-Lavigne et al., 1988). The activity in 
floor plate cells was recovered from floor plate membrane 
fractions and could be solubilized by salt extraction. The 
small size of the floor plate precluded its use as a realistic 
source for purification purposes, and Serafini et al. opted 
for embryonic chick brain as aconvenient alternative. Puri- 
fication to apparent homogeneity yielded two proteins of 
78 kDa and 75 kDa, termed netrin-1 and netrin-2, and 
microsequence data enabled the identification of the cod- 
ing sequences for two related genes. These predict se- 
creted proteins, with no putative transmembrane domains 
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or signals for the attachment of a glycosylphosphatidyli- 
nositol (GPI) anchor. Transfection of the relevant cDNA 
into COS cells resulted in the release of a diffusible activity 
that stimulated axon outgrowth from dorsal spinal cord 
explants. 
Alongside this impressive study, the same group (Ken- 
nedy et al., 1994) also examined nefrin mRNA expression 
during embryonic development by in situ hybridization. 
Before neural tube closure, nemn-7 mRNA was detectable 
in the notochord but not the neural plate, whereas after 
closure the mRNA was expressed in the floor plate, main- 
taining high levels throughout the period of commissural 
axon growth. netfin- mRNA was also expressed in the 
spinal cord throughout this period, but at lower levels and 
as a broad band spanning the ventral two-thirds of the 
cord, exclusive of the floor plate. Kennedy et al. further 
showed that aggregates of COS cells secreting recombi- 
nant netrins elicit commissural axon outgrowth when co- 
cultured with rat dorsal spinal cord explants in collagen 
gels, mimicking the chemotropic effect of floor plate cells. 
Netrin-1 is therefore strongly implicated in mediating the 
long-range actions of floor plate cells on commissural ax- 
ons, and netrin-2 may also contribute to the process. 
Netrins Are Bifunctional and Also Act 
as Chemorepellents 
In a striking convergence of results from diverse animal 
systems, the netrins turn out to be 50% homologous to the 
product of uric-6, a protein required for the circumferential 
migration along the body wall of axon growth cones and 
migrating mesodermal cells in Caenorhabditis elegans 
(Hedgecock et al., 1990; lshii et al., 1992; reviewed by 
Culotti, 1994). The N-termini of both UNC-6 and the netrins 
are further homologous to the N-termini of laminin B sub- 
units. In uric-6 null mutants, both dorsal and ventral migra- 
tions are disrupted, while partial loss-of-function mutations 
disrupt either ventral or dorsal migrations. Another gene, 
uric-5, is also implicated in dorsal migrations and encodes 
a transmembrane protein whose extracellular region com- 
prises two immunoglobulin and two thrombospondin type 
1 domains and whose intracellular region has a largely 
novel structure. Finally, mutations in uric-40 disrupt pri- 
marily ventral rather than dorsal migrations. In the model 
of Culotti (1994), growth cones move up a concentration 
gradient of UNC-6 protein in a ventral direction, using an 
appropriate attraction receptor, possibly UNC40. Con- 
versely, dorsally directed growth cones move down the 
gradient via a chemorepulsive mechanism mediated by 
the UNC-5 receptor. Alternatively, since it is unknown at 
present how UNC-6 is distributed in vivo, UNC-6 could be 
graded in the reciprocal direction, with UNC-5 and UNC-40 
as, respectively, attraction and repulsion receptors (CU- 
lotti, 1994). This model implies that the dorsoventral re- 
sponse is differentiated at the level of the receptor and 
can be refined by the addition of separate attraction and 
repulsion domains in the ligand UNC-6, a possibility sug- 
gested by the phenotypes of partial loss-of-function uric-6 
mutations noted above. Although it has yet to be shown 
directly that UNC-6 is a ligand for either UNC-5 or UNC-40, 
the observations of Hamelin et al. (1993) are consistent 
with the model: ectopic expression of uric-5 induces dorsal 
growth of mechanosensory axons that normally grow in 
lateral or ventral directions, a phenotype that is dependent 
on the presence of UNC-6. 
The conservation of sequence and function between the 
netrins and UNC-6 raises the question whether the netrins 
could also contribute to dorsal growth cone migrations by 
achemorepulsive mechanism. To assess this, Colamarino 
and Tessier-Lavigne (1995) have exploited a quirk of verte- 
brate neuroanatomy by looking at the development of the 
motor axons of the fourth cranial (trochlear) nerve, des- 
tined for a single eye muscle. Trochlear neurons lie near 
the brainstem floor plate; unusually for motoneurons, their 
axons extend dorsally within the epithelium of the neural 
tube to exit its dorsal midline, a trajectory that Colamarino 
and Tessier-Lavigne were able to replicate in collagen gel 
explant cultures of rat neural tube. Removal of the dorsal 
two-thirds of the explants did not prevent trochlear axons 
from exiting the remaining ventral third and growing within 
the collagen matrix along a ventral-to-dorsal trajectory, 
indicating that the directed growth of trochlear motor ax- 
ons does not depend on attractive signals from the dorsal 
epithelium. The outgrowth could be prevented, however, 
by placing a floor plate explant (but not dorsal explant) 
within loo-450 urn of the cut edge of the ventral explant. It 
could also be prevented by COS cell aggregates secreting 
recombinant netrin-1, but not by nontransfected cells. 
These results therefore support the possibility that netrin-1 
acts, like UNC6, as a bifunctional guidance cue for axons, 
and again it will be important to confirm the gradient distri- 
bution for the protein. Whether the bifunctional effect also 
involves distinct growth cone receptors or whether instead 
it lies at the level of growth cone signal transduction awaits 
further investigation. 
Other Examples of Chemoattraction/Repulsion 
Pini (1993) used collagen gel cocultures to show that the 
growth of rodent olfactory bulb axons away from the mid- 
line septum may be caused by chemorepulsive septal 
cues. Chemorepulsion may also explain the initial dorso- 
ventral trajectories of peripheral spinal axons in higher 
vertebrates, Developmentally regulated chemorepulsion 
of sensory axons by ventral spinal cord has been shown 
by Fitzgerald et al. (1993), and the involvement of sema- 
phorin Ill (semalll)/collapsin has been suggested (see be- 
low). The floor plate exerts long-distance repulsion on mo- 
tor axons both in vivo, when grafted into chick hindbrain 
epithelium, and in collagen gels, where it chemorepels 
hindbrain and spinal motor axons (Guthrie and Pini, 1995; 
see Figure 1). 
The extensive distribution of diffusible dorsoventral 
guidance cues along the vertebrate neuraxis has also 
been revealed by Shirasaki et al. (1995), who have shown 
that rat cerebellofugal axons are attracted toward both 
floor plate explants and COS cell aggregates transfected 
with netrin-7 cDNA. In similar experiments, Tamada et al. 
(1995) have shown that floor plate from both spinal cord 
and brainstem chemorepels midbrain-derived axons that 
project ipsilaterally in vivo, but chemoattracts hindbrain- 
derived axons that project contralaterally; again, the de- 
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Figure 1. Chemorepulsion in a Collagen Gel 
The figure shows chemorepulsion by floor plate of outgrowing motor 
axons from rat hindbrain. Paired explants of rhombomere 8 were cul- 
tured in a collagen gel with a piece of floor plate (middle). Figure from 
Guthrie and Pini (1995). 
gree to which the netrins or members of thesema/collapsin 
family(see below) are involved in these phenomena awaits 
further study. 
Finally, both neurotransmitters (for example, Zheng et 
al., 1994) and nitric oxide (Hess et al., 1993) have been 
shown to affect nerve outgrowth in vitro, but their roles 
as chemoattractants or repellents in vivo are at present 
unclear. Substance P, released by commissural neurons, 
may also modulate chemoattraction by the floor plate (De 
Felipe et al., 1995), and the possibility remains open that 
neurotrophins are chemoattractive, particularly within tar- 
get tissues (Kennedy and Tessier-Lavigne, 1995). 
The SemaphorinKollapsin Family 
The first members of the semaphorin/collapsin gene family 
were identified by two quite different routes in, respec- 
tively, vertebrate and invertebrate systems. Semal (known 
previously as fasciclin IV [FaslV]) was immunopurified us- 
ing a monoclonal antibody recognizing specific axonal 
tracts in the grasshopper embryo (Kolodkin et al., 1992) 
and was then cloned and sequenced to yield homologs 
in insects and vertebrates (Kolodkin et al., 1993). Indepen- 
dently, Luo et al. (1993) characterized a growth cone col- 
lapse-inducing activity in membranes of embryonic and 
adult chicken brain. A protein responsible, collapsin, was 
purified using the collapse assay, microsequenced, and 
cloned, and the cDNA was found to be homologous to the 
semaphorin gene family, particularly human semalll. The 
family encodes both secreted and transmembrane pro- 
teins, showing conservation across invertebrates and ver- 
tebrates. All members have in common a signal sequence 
and a conserved extracellular domain of -500 amino 
acids and 16 conserved cysteines, the semaphorin do- 
main. Secreted versions also bear a single immunoglobu- 
lin domain and, invertebrate (human, mouse, and chicken) 
Semal Wcollapsin, a basic domain at the C-terminus. Other 
members of the family have been identified recently in the 
mouse (Messersmith et al., 1995; Ptischel et al., 1995) 
chicken (Luo et al., 1995) and human (Messersmith et 
al., 1995) genomes, and Ptischel et al. (1995) have further 
subdivided the family into four distinct subgroups on the 
basis of homology. The evidence that members of the 
semaphorinlcollapsin family participate in axon guidance, 
target recognition, or both now comes from a variety of 
experimental approaches in diverse species. 
Vertebrate SemaphorindCollapsins 
The experiments of Messersmith et al. (1995) have impli- 
cated semalll, the murine homolog of chicken collapsin-1, 
in the patterning of sensory projections within the mamma- 
lian spinal cord. Mammalian dorsal root ganglia comprise 
several functionally distinct classes of primary sensory 
neurons, terminating in different dorsoventral locations in 
the spinal cord and displaying different neurotrophin re- 
sponses Large diameter muscle afferents terminate in 
the ventral spinal cord and are neurotrophin-3 (NT-3) re- 
sponsive, while small diameter nociceptive afferents ter- 
minate in the dorsal spinal cord and are responsive to 
nerve growth factor (NGF). Messersmith et al. (1995) 
showed that ventral spinal cord explants chemorepel NGF- 
responsive axons, but have little effect on NT+responsive 
axons. The distribution and developmental regulation of 
semalll mRNA in ventral spinal cord, excluding the floor 
plate region, would be consistent with Semalll protein me- 
diating this activity (as well as that reported by Fitzgerald 
et al., 1993; see above). Moreover, aggregates of COS 
cells secreting recombinant human Semalll were shown 
to repel NGF-responsive axons. Messersmith et al. (1995) 
therefore suggest that Semalll/collapsin contributes to tar- 
geting of sensory projections in the spinal cord by selec- 
tively repelling those axons that terminate dorsally. 
The patterns of mRNA expression for five mouse sema- 
phorins (Ptischel et al., 1995) and for three chicken col- 
lapsins (Luo et al., 1995) are also consistent with possible 
repulsive roles for these proteins. collapsin-2 mRNA, for 
example, is expressed in the developing tectum preferen- 
tially in regions devoid of retinal innervation, and its pres- 
ence in the dorsal neural tube could imply that the protein 
provides a repulsive gradient reciprocal to that of the ne- 
trins for the ventrally directed spinal commissural in- 
terneurons (Luo et al., 1995). It will be interesting, then, 
to see whether the secreted proteins are distributed in 
diffusion gradients and whether the different semapho- 
rinslcollapsins turn out to repel different neuronal popula- 
tions through distinct receptors, as these observations and 
those of Messersmith et al. (1995) might predict. The find- 
ing that sensory growth cones avoid collapsin-coated 
beads after filopodial contact is also consistent with a re- 
ceptor-mediated turning mechanism (Fan and Raper, 
1995). 
Insect Semaphorins 
Semal, an insect transmembrane semaphorin, was shown 
to be expressed in a stripe of epithelial cells in the devel- 
oping grasshopper limb bud; at the same stage, two sen- 
sory growth cones encounter and turn sharply on these 
cells from a proximal to ventral direction, finally crossing 
the stripe in a proximal direction after filopodial contact 
with guidepost cells. Following application of Semal mono- 
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Figure 2. Ectopic Expression of Candidate Guidance Molecules in Segmental Muscles of Drosophila 
Schematic diagram showing innervation of internal ventral segmental muscles in Drosphila by SNb and its constituent motoneurons RPI and RP3 
at late stage 16. Muscles are shown in cross section; dorsal is up, external to the right. ISN denotes the intersegmental nerve, destined for dorsal 
muscles. In wild-type embryos, RPl innervates one muscle and RP3 innervates two. When semall is expressed ectopically (shaded muscles; 
depth of shading indicating level of misexpression), RP3 often stalls in the ventral muscle field, whereas RPI is unaffected. When connectin is 
misexpressed (shaded muscles), RP3 shows bypass, detour, and stall phenotypes; similar phenotypes are seen for SNb axons when fasll is 
misexpressed on all motor axons. Adapted from Matthes et al. (1995) Nose et al. (1994) and Lin and Goodman (1994). 
make theventral turn, but do so after branching into multi- 
ple, defasciculated axons (Kolodkin et al., 1992). This can 
be interpreted in terms of a repulsive function for the pro- 
tein in the context of multiple guidance cues; for example, 
Semal might inhibit the growth cone response to proximal 
but not ventral guidance cues (Kolodkin et al., 1993). The 
Drosophila homolog, D-Semal, appears to be expressed 
widely in the developing central nervous system (CNS) 
(Kolodkin et al., 1993), but its function is at present unclear. 
Kolodkin et al. (1993) identified a secreted semaphorin in 
Drosophila, D-Semall, and showed that it is expressed by 
a subset of developing CNS neurons. Although no gross 
abnormalities in CNS patterning are detected in semall 
loss-of-function mutations, mutant flies do show behav- 
ioral defects such as inability to fly and abnormal visual 
orientation. semall message is also found to be expressed 
transiently in a single muscle (33) in body segment T3, 
leading Matthes et al. (1995) to test its possible role in the 
generation of normal neuromuscular connectivity. As for 
the CNS, loss-of-function semall mutations do not gener- 
ate any detectable change in the pattern of motor axon 
growth and branching in the vicinity of muscle 33 in seg- 
ment T3. However, abnormalities are produced when sem- 
a// is expressed ectopically during the stage of early neuro- 
muscular innervation in ventral muscles of abdominal 
segments, driven by a heterologous enhancer from the 
To// gene (see Figure 2). Dye fills of the RP3 motoneuron 
show that its growth cone enters the ventral muscle region 
as normal, but frequently stalls alongside the two muscles 
it normally innervates. RP3 fails to innervate them until 
a later stage, when ectopic expression has subsided, 
whereas neighboring RPl takes a normal path to its mus- 
cle (which expresses much lower levels of semall; Figure 
2) and contacts it on schedule. The simplest interpretation 
of this result is that muscle expression of D-Semall protein 
inhibitssynapse formation locally by growth cones bearing 
the appropriate receptor, but does not exert more distant 
effects on their pathfinding. 
Connectin 
The experiments of Matthes et al. (1995) bear interesting 
comparison with those of Nose et al. (1994) on the Dro- 
sophilacell surface protein connectin, aGPI-linked protein 
of the leucine-rich repeat family that mediates homophilic 
cell adhesion in cell transfection experiments. It is ex- 
pressed in vivo on the surface of a subset of developing 
abdominal segmental muscles (both lateral and ventral) 
and exclusively on the axons and growth cones that inner- 
vate these muscles, suggesting that it may function as an 
attractive cue for motor axon guidance and synaptogene- 
sis. Since null mutations of the connectin gene do not 
generate abnormal neuromuscular phenotypes (see be- 
low), this remains an open possibility. When connectin 
is expressed .ectopically in neighboring ventral muscles, 
driven by the To//enhancer, the motor axons that normally 
innervate these muscles display a variety of behaviors that 
are consistent with a repulsive function for connectin dur- 
ing pathfinding and synapse formation (Nose et al., 1994). 
While the muscles themselves appear normal, their axons 
may grow past them without innervation (termed a bypass), 
bypass, and then enter the muscle region from a novel 
location (a detour) or reach the muscle by the normal route 
but fail to innervate it (a stall; Figure 2). Detouring RP3 
axons innervate their connectin-misexpressing target mus- 
cles less often than detouring RPl axons, whose target 
muscle does not express connectin under the Toll en- 
hancer. Importantly, the targeting abnormalities are re- 
stricted to a subset of the motor axons (segmental nerve 
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b [SNb], containing the axons of cells RPl and RP3) that 
innervate ectopic connectin-expressing muscles; SNd ax- 
ons also innervate such muscles, but do so without error. 
The interpretation is that SNb growth cones bear connectin 
receptors mediating a repulsion response, but SNd growth 
cones do not, and the specific nature of the response ar- 
gues against a steric hindrance effect of connectin misex- 
pression on some other growth cone recognition event. 
For both D-Semall and connectin, the implication of 
these experiments is that a subset of axons respond to 
the repellent effects of the protein, yet these same axons 
seem likely not to be exposed to significant levels of the 
protein at any stage during normal development. If the 
explanation is not simply that the receptors are expressed 
more widely than the ligands, another could be that the 
ectopic proteins cross-react with growth cone receptors for 
related but nonidentical ligands. In the case of connectin, 
a further implication is that it is a bifunctional molecule, 
mediating attractive interactions between some growth 
cones and muscles and repulsive interactions between 
others, although as Nose et al. (1994) point out, an attrac- 
tive function remains unproven. Finally, it is interesting 
that, despite being a secreted semaphorin, ectopic D-Semall 
does not yield the bypass and detour phenotypes of RP3 
that are seen with ectopic connectin, perhaps reflecting 
temporal differences in receptor expression. 
Receptor Tyrosine Kinases and Their Ligands 
Since the original investigations by Sperry and colleagues, 
the formation of an ordered retinotectal map has been a 
favored experimental system for the analysis of neuronal 
connectivity and specificity in the vertebrate CNS. In re- 
cent years the in vitro studies of Bonhoeffer and col- 
leagues (Stahl et al., 1990; Drescher et al., 1995) have 
provided good evidence that the regional expression of 
repulsive molecules in the developing tectum plays an 
important role in map formation. Two assays were devel- 
oped to analyze at the molecular level how nasal retinal 
axons project to posterior tectum and temporal axons to 
anterior tectum. In the membrane stripe assay, temporal 
retinal axons are repelled by stripes of posterior tectal 
membranes and grow preferentially on adjacent anterior 
membranes, a phenomenon showing conservation across 
avarietyof vertebrate species. In the growth cone collapse 
assay, temporal growth cones collapse more readily than 
their nasal counterparts on exposure to posterior tectal 
membranes. 
These assays have been used by Bonhoeffer’s group to 
identify candidate repulsion molecules (Stahl et al., 1990; 
Drescher et al., 1995). The stripe assay revealed three 
important characteristics of the repulsive property of tectal 
membranes-GPI linkage (being removed by enzymatic 
cleavage of GPI-linked proteins), regionalization (detect- 
able in posterior rather than anterior membranes), and 
developmental regulation (coinciding with retinotectal in- 
nervation in viva)-and a candidate 33 kDa glycoprotein 
with these properties was purified from avian tectum (Stahl 
et al., 1990). Drescher et al. (1995) have now identified a 
second candidate by comparing GPI-anchored proteins 
from anterior and posterior chicken tectal membranes us- 
ing two-dimensional gel electrophoresis. One protein, with 
a molecular mass of 25 kDa, fulfils all three criteria. The 
protein has been microsequenced and cloned, and its re- 
pulsive activity was confirmed by transfecting the cDNA 
into COS cells and assaying the membranes in the stripe 
and collapse assays. Interestingly, membranes derived 
from transfected cells show repulsive activity for both na- 
sal and temporal growth cones, unlike posterior tectal 
membranes, 
The protein (named RAGS, an acronym for repulsive 
axonal guidance signal) shows significant homology to li- 
gands for the Eph subclass of receptor tyrosine kinases 
(RTKs), such as B61, EHKl-L, and ELF-l (see also Tes- 
sier-Lavigne, 1995; Garrity and Zipursky, 1995). The Eph 
family is the largest of the RTK families, and many mem- 
bers are expressed in the developing avian nervous sys- 
tem, including the retina. Cheng et al. (1995), for example, 
have shown that Mekrl mRNA is expressed in retinal gan- 
glion cells in a decreasing temporal-to-nasal gradient, 
while mRNA for a Mek4 ligand, ELF-l, is expressed in 
a decreasing posterior-to-anterior gradient in the tectum. 
RAGS mRNA is also expressed in a posterior-to-anterior 
gradient in the developing avian tectum and is localized 
in the ventricular zone. Since ingrowing retinal axons mi- 
grate in relation to glial endfeet in superficial rather than 
ventricular regions of the tectum, Drescher et al. (1995) 
suggest that RAGS protein may be transported and ex- 
pressed here for axon guidance. If so, the sensitivity in 
vitro of nasal axons to transfected RAGS predicts the exis- 
tence of some selective mechanism in vivo that desensi- 
tizes these (but not temporal) axons to RAGS in the pos- 
terior tectum. As Drescher et al. point out, one such 
modulator could be the 33 kDa molecule identified earlier 
by Stahl et al. (1990) and others such as ELF-l may also 
be implicated (Tessier-Lavigne, 1995). In any event, by 
implicating an Eph receptor ligand in axon guidance and 
targeting, the observations of Drescher et al. provide a 
novel biological context for the further study of members 
of this family. 
Good evidence of a role for RTK-mediated signaling in 
selective axon fasciculation is further provided by Cal- 
lahan et al. (1995), who used an enhancer trap strategy in 
Drosophila to isolate an axon pathfinding mutant, derailed 
(drl). In mutant embryos, CNS interneurons that express 
the gene project abnormally after crossing the midline; 
although they make their normal turn in an anterior direc- 
tion, they fail to show their usual preference for particular 
fasciculated pathways within the longitudinal connectives. 
In wild-type embryos, drl protein appears to be down- 
regulated by growth cones after the turning decision, sug- 
gesting a role for drl upstream of the adhesive interactions 
involved in fasciculation. The finding that the extracellular 
and catalytic domains of drl show homology with those of 
mammalian RYK, placing the two proteins in a new RTK 
subfamily, raises the possibility that RYK may have a simi- 
lar function in the vertebrate nervous system. 
Another GPI-linked member of the Eph receptor ligand 
family, AL-l, has recently been shown to be involved in 
the fasciculation of axons in cortical neuron-astrocyte co- 
cultures (Winslow et al., 1995). AL-l was purified and 
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cloned as a ligand (expressed predominantly by astro- 
cytes) for REK7, a rodent RTK expressed by cortical neu- 
rons (also identical to EHK-1). Fasciculation in culture is 
blocked by both soluble AL-1 and a soluble REK7-immu- 
noglobulin G fusion protein, a result that can be interpreted 
in two ways: eitherAL-l/REK7 interaction promotesaxon- 
axon fasciculation directly, for example, via a signaling 
cascade upregulating expression of adhesion molecules 
(see below), or, consistent with the biological activity of 
RAGS, AL-1 repels axon growth on astrocytes, favoring 
their fasciculation by default. 
Adhesion Molecules 
Since their original identification, members of the various 
cell adhesion molecule (CAM) and sensory adhesion mole- 
cule (SAM) families have been implicated as axon guid- 
ance molecules, usuallyon the basisof suggestive expres- 
sion patterns, in vitro studies, or both (reviewed by Hynes 
and Lander, 1992). A good example is provided by the 
immunoglobulinlfibronectin type Ill (IgIFNIII) superfamily 
member TAG-l, which is down-regulated by rat spinal cord 
commissural interneurons as they turn longitudinally along- 
side the floor plate, accompanied by increased expression 
of Ll (Dodd et al., 1988). The likely complexity is clear, 
however. No simple connection exists between the degree 
of neurite adhesion to particular adhesion molecules and 
axon growth rate or extent of fasciculation in vitro, empha- 
sizing the need to consider the growth cone response to 
adhesion molecules in terms of its internal signaling path- 
ways (see review by Doherty and Walsh, 1994; also Ta- 
naka and Sabry, 1995). At a choice point decision, such 
as that between cutaneous and muscle afferents at the base 
of the vertebrate limb, both neuron types express avariety 
of CAMS (N-CAM, G4/Ll, axonin-1, SClIDM-GRASP/ 
BEN, and N-cadherin), and muscle afferents generally ex- 
press higher CAM levels than cutaneous afferents (Honig 
and Kueter, 1995). However, which (if any) of these differ- 
ences plays a key guiding role at the choice point is more 
difficult to assess. Gene ablations for CAMS and SAMs to 
date have also failed to yield obvious abnormalities of axon 
pathfinding (for example, N-CAM 180; Tomasiewicz et al., 
1993); changes in CAM and SAM expression may modu- 
late the response of growth cones to other guidance cues 
(see below), but direct in vivo evidence that they turn 
growth cones themselves, either individually or in combi- 
nation, is lacking. 
The potential of genetic analysis of CAM function is well 
illustrated by recent studies of Fasll and Faslll in Drosoph- 
ila, where the ability to combine loss- and gain-of-function 
strategies has been particularly revealing (Lin and Good- 
man, 1994; Lin et al., 1994; Chiba et al., 1995). Fasll is 
a member of the IglFNlll superfamily (related to vertebrate 
N-CAM), expressed in both GPI-linked and transmem- 
brane isoforms, that mediates homophilic cell adhesion 
in vitro. In vivo, Fasll is expressed in a subset of developing 
CNS axons that fasciculate to form three longitudinal fasci- 
cles and also on all motoneuron growth cones and their 
axons. When motoneuron expression of Fasll is increased 
over normal levels, using the enhancer detection/GAL4 
system, bypass, detour, and stall phenotypes are seen 
in the motoneurons of SNb, as for the ectopic connectin 
experiments decribed above (Lin and Goodman, 1994; 
Figure 2). In the bypass phenotype, for example, SNb ax- 
ons fail to defasciculate from the intersegmental nerve to 
enterthe ventral muscle region, continuing instead to grow 
along the intersegmental nerve (Figure 2). Ectopic Fasll 
expression on cells within reach of intersegmental nerve 
filopodia may also cause intersegmental nerve axons tem- 
porarily to misroute onto some of them (peritracheal cells), 
but not all. The phenotypes are in general dose and stage 
dependent and are consistent with a function for Fasll 
in mediating selective fasciculation. Remarkably, growth 
cones usually reach their targets at later times of develop- 
ment, implying that other (perhaps target-derived) guid- 
ance cues may ultimately allow errors to be corrected. 
Similar conclusions may be reached from the study of fad/ 
loss-of-function mutations. These result in defasciculation 
of the three longitudinal CNS axon pathways that selec- 
tively express the protein (Lin et al., 1994) yet follower 
growth cones are able to project in the appropriate direc- 
tion in the absence of contact with their pioneer axons. 
The defasciculation phenotype can be rescued under 
gain-of-function conditions, in which state the pathways 
may also fuse together. 
Alongside in vitro experiments implicating CAMS in fas- 
ciculation, the results with Fasll misexpression comple- 
ment the in vivo observations of Tang et al. (1994), who 
have studied the effects of enzymatic removal of polysialic 
acid (PSA) during motor axon pathfinding in the chick em- 
bryo limb. Growth cones up-regulate N-CAM-associated 
PSA as theydefasciculate and sort out in the plexus region 
at the base of the limb. PSA removal at this stage by in 
ovo injection of a PSA-specific endosialidase results in 
motor axon projection errors, accompanied by increased 
fasciculation in the plexus region. Simultaneous applica- 
tion of anti-L1 (but not anti-N-CAM) polyclonal antibody 
prevents this effect, suggesting that PSA-induced inhibi- 
tion of Ll-mediated fasciculation facilitates normal motor 
axon guidance. 
A similar approach has been also used by Stoeckli and 
Landmesser (1995) in analyzing the role of the lg/FNlll 
molecules axonin-1, Ng-CAM, and Nr-CAM in the pathfind- 
ing of chick commissural interneurons at the floor plate. 
Axonin-l (the chick homolog of TAG-l) and Ng-CAM are 
both expressed on commissural interneurons before and 
after they cross the floor plate, and Nr-CAM is expressed 
by floor plate cells. In ovo application of soluble axonin-l 
and antibodies to axonin-l causes axonal defasciculation, 
and many axons fail to cross the floor plate, turning instead 
along its ipsilateral side. Interestingly, injection of antibody 
to Ng-CAM, while also causing axonal defasciculation, 
does not cause pathfinding errors, suggesting that defas- 
ciculation is not itself responsible. However, anti-Nr-CAM 
antibodies do produce the same errors, suggesting that a 
heterophilic interaction between axonin-l on growth cones 
and Nr-CAM on floor plate cells may modulate the turning 
decision of growth cones near the midline. 
Taken together, the results in flies and chicks show that 
while experimentally induced increases in axon fascicula- 
tion can lead to subsequent errors in axon pathfinding, 
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loss of fasciculation does not appear to prevent growth 
cones from turning at critical regions and indeed may 
sometimes facilitate turning during normal development. 
This implies that, while the adhesive interactions involved 
in fasciculation can be made to override the critical turning 
signals, they may not provide those signals themselves. 
A Drosophila CAM of the Ig/FNIII superfamily has been 
implicated, however, in the process of target recognition 
by motoneurons, using gain-of-function conditions in the 
fly neuromuscular system (Faslll; Chiba et al., 1995; see 
also Garrity and Zipursky, 1995). 
Other Molecules 
In vitro bioassays, such as the growth cone collapse assay, 
have been used successfully to characterize other candi- 
date guidance molecules. Examples in the latter case in- 
clude the 33 kDa tectal protein (Stahl et al., 1990; see 
above), two somite-derived proteins involved in spinal 
nerve segmentation (Davies et al., 1990), and a serine 
protease involved in contact repulsion between CNS 
growth cones and peripheral axons (Baird and Raper, 
1995). Large-scale mutant screens are certain to reveal 
the operation of many more guidance molecules and their 
regulatory pathways. Candidate genes have now been 
identified in a variety of systems, including the Drosophila 
midline, neuromuscular system, and visual system (see 
also Garrity and Zipursky, 1995), and the analysis of C. 
elegans mutants (see above) illustrates the potential of 
the approach. The zebrafish is likely to prove a good verte- 
brate model for systematic screens and is already yielding 
a number of interesting phenotypes affecting axon guid- 
ance in the retinotectal system (Kuwada, 1995). 
Molecules with roles other than ligands and their growth 
cone receptors can be expected to be identified in this 
way. For example mutations in the C. elegans gene uric-44 
alter the direction of extension of axons along the lateral 
body surface toward the ventral nerve cord. uric-44 en- 
codes a series of putative ankyrin-related proteins, impli- 
cating molecules in the cytoplasmic surface of the plasma 
membrane in axon guidance, perhaps in organizing the 
correct localization of cell surface receptors (Otsuka et al., 
1995). Other genes may encode transcription factors, in 
which case an important question becomes whether the 
mutant phenotype results upstream of a change in identity 
of the neuron (or guiding cells) in question or whether, 
instead, the mutation perturbs the expression of mole- 
cules more directly concerned with neuronal recognition 
or growth. The Drosophila genes longitucfinals lacking 
(/o/a) and apterous provide good examples of the latter 
class, whose downstream targets remain to be identified. 
/o/a mutations produce a variety of pathfinding defects 
in the CNS and peripheral nervous system (PNS) in the 
absence of any obvious change in neuronal identity, and 
the gene turns out to encode a protein related to the tram- 
track family of transcription factors (Giniger et al., 1994). 
The LIM homeodomain gene apterous is normally ex- 
pressed postmitotically by a subset of interneurons that 
choose a single fasciculated pathway within the devel- 
oping CNS; in apterous null mutants, these neurons fail to 
fasciculate and project abnormally (Lundgren et al., 1995). 
Finally, candidate guidance molecules are being identi- 
fied that belong to families not previously implicated in 
axon guidance. Sanchez et al. (1995) have shown that 
the GPI-linked glycoprotein Lazarillo is expressed by the 
growth cones of neuronal subsets in the developing grass- 
hopper, and a monoclonal antibody raised against Lazari- 
Ilo alters the ventral trajectory of commissural pioneers. 
Lazarillo belongs to the lipocalins, a family of extracellular 
carriers of small hydrophobic molecules, and may function 
as a component of a novel signaling system for axon guid- 
ance. Another example is DWnt-3, a member of the Writ 
gene family (encoding secreted developmental signaling 
proteins) that is expressed on commissural and longitudi- 
nal axon tracts of the developing Drosophila CNS (Fradkin 
et al., 1995). 
Carbohydrate 
Since many candidate guidance molecules are glycosyl- 
ated, the question arises whether the structural diversity 
possible within the carbohydrate moieties has any func- 
tional role in guidance and targeting. If the biological sig- 
nificance of carbohydrate in cell recognition is only now 
becoming clear, albeit in nonneuronal systems, glycocon- 
jugates have often been discussed in the context of axon 
guidance and targeting. Certainly the level of polysialyla- 
tion of N-CAM has been implicated in regulating motor 
nerve branching and fasciculation (see above), and recent 
studies serve to indicate the ways in which carbohydrate 
may be involved. Song and Zipser (1995) have shown that 
the targeting of sensory afferents in the leech CNS entails 
a two-step process that is mediated via different carbohy- 
drate recognitions. Whereas defasciculation and branch- 
ing appear to be mediated by mannose-specific recogni- 
tion, two different carbohydrate markers collaborate in the 
subsequent targeting of two axonal subsets; hybrid or 
complex carbohydrate chains bearing a-galactosyl resi- 
dues appear to be important. 
How could carbohydrate residues exert their effects? 
The finding by Mahanthappa et al. (1994) of an endoge- 
nous lactosamine-binding lectin in nonneuronal cells in 
the rat olfactory nerve may be relevant here. This lectin 
binds and colocalizes with two ligands in the rat olfactory 
system: a j3-lactosamine-containing glycolipid expressed 
by growing olfactory axons and a putative member of the 
laminin family. Manhanthappa et al. (1994) hypothesize 
that the lectin may mediate olfactory axon fasciculation 
by cross-linking adjacent axonal membranesvia the glyco- 
lipid and may also serve a guidance function by cross- 
linking olfactory neurons to olfactory laminins. The lectin 
promotes olfactory neuron adhesion to laminin and me- 
rosin, but not fibronectin, in a dose-dependent manner, 
and lectin-mediated adhesion appears to be independent 
of integrin-mediated adhesion. While studies such as this 
are suggestive, much more needs to be done, for example, 
by way of in vivo perturbation experiments, for any role 
of carbohydrate in neuronal recognition to be established. 
Conclusions 
We can expect that guidance systems will often be multi- 
factorial. Even where clear phenotypes arise, as in the C. 
Cell 
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elegans null mutants for uncd, uric-6, and uric-40, a de- 
gree of variability exists, suggesting the presence of addi- 
tional guidance cues (Hedgecock et al., 1990). The over- 
lapping expression patterns of adhesion molecules at 
critical decision points (for example, Honig and Kueter, 
1995) hint at such complexity, and a further indication, 
both for guidance and targeting systems, comes from the 
recent studies of Drosophila outlined above (Nose et al., 
1994; Matthesetal., 1995; Chibaet al., 1995). These have 
signaled an emerging trend in the genetic analysis of can- 
didate molecules. In each case, while gain-of-function con- 
ditions may disrupt axonal patterning in a selective man- 
ner, loss-of-function mutations have (as for vertebrate 
adhesion molecules such as N-CAM) failed to yield the 
striking errors of axon guidance that might have been an- 
ticipated on the basis of previous studies of molecular 
expression and function. 
As noted by Nose et al. (1994), the observation that 
similar phenotypes (such as SNb bypass) may result from 
both increased fasciculation via Fasll misexpression and 
increased repulsion via ectopic connectin supports the 
view that growth cones turn at critical decision regions 
under the summed, integrated influence of attractive and 
repulsive cues. The existence of multiple and partially re- 
dundant cues may also explain thediffering effects of gain- 
and loss-of-function conditions, if the insertion of a single 
guidance protein at a novel location creates a more power- 
ful biological signal than removal of the same protein from 
a population of such proteins (Matthes et al., 1995). A 
similar argument might apply to transfection experiments 
with cell surface proteins, when a single ligand is expressed 
out of its normal environment (Drescher et al., 1995). An 
alternative explanation, that ectopic expression interferes 
sterically, perhaps in a relatively specific manner, with some 
other recognition event, certainly seems less attractive. 
Finally, besides the continuing identification of guidance 
molecules and their growth cone receptors, it will be inter- 
esting to see the extent to which the different aspects 
of axon guidance (such as direction of initial sprouting, 
fasciculation and defasciculation, growth cone turning, 
branching, and targeting) rely on different molecular sys- 
tems. The clarification of the connection between guid- 
ance molecules and developmental signaling events, both 
upstream and downstream, also remains an important 
challenge for future research. How, for example, does the 
expression by subsets of neurons of different LIM homeo- 
domain transcription factors (Tsuchida et al., 1994; Lund- 
gren et al., 1995) determine their various pathways? How 
do growth cones respond to gradients of guidance mole- 
cules, and do they integrate multiple cues, whether attrac- 
tive or repulsive, by a common intracellular mechanism? 
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